ABSTRACT Processing pressure and time were evaluated for their effects on feather meal protein quality. Feathers were collected from a commercial broiler plant and hydrolyzed with saturated steam in an experimental batch hydrolyzer. A constant time series (36 min) was completed to evaluate the effect of increasing pressure (207 to 517 kPa) on nutritional value. Feather meal processed at the lowest pressure had the highest nutritional value, and vice versa. True amino acid availability determined with force-fed White Leghorn cockerels demonstrated that increasing pressure decreased true available (TA) cystine (P < 0.05) more than any other amino acid. Sulfur content and acid detergent fiber were positively
INTRODUCTION
The first report of using heat to improve the nutritive value of feathers was by Draper (1944) . Since then, much additional research has attempted to produce feather meal (FM) of the highest nutritional value. Several factors contribute to the uncertainty of reaching that goal. One is the selection of the appropriate procedure to measure nutritional value. Another is the processing conditions for making FM. A third factor is the composition of the raw material used to make FM.
Growth assays with chicks have measured responses to amino acid content and digestibility of FM samples (Naber et al., 1961; Morris and Balloun, 1973a,b) . At low levels of inclusion in diets, it was difficult to detect differences due to FM. When approximately 40% of the protein in the chick's diet was supplied by FM, methionine supplementation improved growth so that it was comparable to that of a control diet (Baker et al., 1981) . Protein efficiency ratio and net protein ratio assays were able to detect small but significant differences in FM quality (Wang and Parsons, 1997) . 2 To whom correspondence should be addressed: Latshaw.1@osu.edu. 79 correlated with TA sulfur amino acid content; bulk density, 0.2% pepsin-digestible protein, and acid detergent soluble protein were negatively correlated with TA sulfur amino acid content. Increased steam pressure also resulted in decreased, undegraded intake protein. Various combinations of time (106 to 4.5 min) and pressure (207 to 724 kPa) were used to prepare a constant density series (483 kg/m 3 ). In this series, feather meals were similar in nutritional value. There was no indication that high hydrolysis pressure was detrimental to feather meal quality, if the appropriate time was used. These results suggest that sulfur content and bulk density can be used to monitor feather meal quality.
Most recent research has used concentrations of true available (TA) amino acids to evaluate FM (Papadopoulos et al., 1985; Latshaw et al., 1994; Wang and Parsons, 1997 ). The results from these studies confirm the report by Davis et al. (1961) that sulfur amino acids, especially cystine, are the most sensitive indicators of processing effects.
For ruminant animals, FM is valuable as a source of rumen undegraded protein (Nocek, 1988) . The animal benefits, because microorganisms in the rumen are unable to digest the FM and alter its amino acid content. A high proportion of the protein in FM cannot be degraded (National Research Council, 1996) . Processing conditions needed to produce FM with the maximum undegraded protein have been investigated, but the results have been inconclusive (Blasi et al., 1991) .
At the present time, quality of FM is described only by its solubility in 0.2% pepsin solution (Association of American Feed Control Officials, 1994) . Protein in FM must be at least 75% soluble, using the in vitro test. A more dilute solution (0.002% pepsin) has been tested as a way to more accurately differentiate among the qualities of FM (Johnston and Coon, 1979) . Another procedure was based on the use of acid detergent solution to solubilize protein (Latshaw et al., 1994) . Measurement of bulk density is the easiest procedure. More extensive processing results in FM that is more dense (Davis et al., 1961) .
Processing conditions affect the quality of FM. At low steam pressure, long hydrolysis times are needed to increase FM density and to improve digestibility (Binkley and Vasak, 1951; Davis et al., 1961) . At high pressures, there is a concern that "gumming" would occur (Brinkley and Vasak, 1951; Morris and Balloun, 1973a) . Excessively processed FM has a decreased concentration of amino acids (Davis et al., 1961; Papadopoulos et al., 1985) .
The primary objective of this research was to produce FM with a range of quality by using one hydrolysis time and different steam pressures. The FM samples were then assayed by various procedures to find the most sensitive method to determine nutritional value and relate the results of other procedures to it. A secondary objective was to determine if FM samples of similar bulk density were similar in nutritional value when they were produced by different hydrolysis conditions.
MATERIALS AND METHODS

Experimental Hydrolyzer
A batch cooker was designed that was 1.0 m in length and 25.4 cm in diameter and was constructed of schedule 40 seamless tubular steel. After loading, the hydrolyzer was sealed with a 30.48 cm diameter gasket and steel cover that was bolted around the entire circumference of the retort flange.
Hydrolysis pressure was precisely controlled through the use of a series of valves. The steam into the retort was saturated steam that held a constant temperature of approximately 149 C. After closing and sealing the retort, the pressure was raised in 3 min to the specific pressure desired. Pressure was also lowered in 3 min. Excess condensate within the retort, due to direct steam injection and the wet condition of the feathers, was released by a condensate trap built into the outflow steam line of the batch cooker retort. The outflow steam line from the retort was connected to a tank that was used to measure water accumulation. The water level in the tank was recorded before and after each batch of feathers was hydrolyzed to estimate steam usage.
Preparation of Feather Meals
Feathers were collected from a commercial broiler processing plant. Wet feathers were gathered from under the first picker in the processing line while broilers were being defeathered. Heads and viscera were removed from the collected sample and discarded. The final raw sample that was acceptable for processing con- sisted of wet feathers devoid of offal and excess water. Feathers were stored at 4 C before processing.
For each batch of feathers hydrolyzed, 2 L of H 2 O was poured over 7 kg of stored feathers. Water was added to simulate the water content of feathers arriving at a commercial rendering plant. Feathers were placed in a four-chambered wire loading basket, distributing them as evenly as possible for uniform hydrolysis. After placing the basket in the retort, a stainless steel cover was placed over the portion of the loading basket at the site of steam entrance. The cover provided protection to the immediate area of feathers that would have been subjected to excessive heating by direct contact with high pressure steam.
After hydrolysis, the feathers were emptied from the loading basket into a drying tray and were subsequently placed onto a drying rack. The drying rack used forced air at 43 C. The feathers were left to dry (9 to 15 h), with periodic fluffing to ensure thorough and even drying, until an end point moisture between 6 and 10% was obtained. A small sample of the dried feathers was selected and ground in a small grinder, and the percentage moisture was determined with a moisture analyzer.
3 The dry, friable product was then ground in a hammer mill containing a 0.3175-cm screen. The complete meals were stored in a cold room at −29 C until needed for testing.
Two series of FM samples were prepared. The initial goal was to prepare FM that weighed 483 kg/m 3 when using a steam pressure of 310 kPa. By trial and error, time for hydrolysis was set at 36 min. A constant time series of FM was then prepared ( Table 1) that used a constant time of 36 min but various steam pressures. A constant density series was prepared (Table 2 ) by using steam pressures from 207 to 724 kPa. The goal was to produce FM of a bulk density of 483 kg/m 3 by using appropriate combinations of time and pressure. When a single sample of each FM had been prepared, a second batch of feathers was collected from the broiler processing plant and used to prepare duplicate FM samples.
Analysis of the Feather Meal Samples
Several measurements were completed to assess the composition of the FM. Bulk density was determined by weighing a container of known volume. Crude protein, moisture, ash and fat were determined (AOAC International, 1997). The percentage of pepsin digestible protein (PDP) was determined using a 0.2% pepsin solution and a 0.002% pepsin solution (AOAC International, 1997). Acid detergent fiber (ADF) and acid detergent soluble protein (ADSP) were also determined (Goering and Van Soest, 1970) . The sulfur content of each FM sample was determined using a dry combustion method. 4 Digestibility of the FM was assayed by using intact Single Comb White Leghorn roosters (Sibbald, 1979) . After a 24-h feed deprivation period, roosters were precision-fed 25 g of FM via crop incubation. Excreta were collected for 48 h, including individual samples from six roosters that continued without feed. Four roosters were All results are on an as is basis.
2 PDP = pepsin digestible protein; ADF = acid detergent fiber; ADSP = acid detergent soluble protein (N × 6.25). **Significant linear effect (P < 0.01).
used for each FM, two for each duplicate sample. Part of the excreta sample was used to determine TME of the samples. The amino acid profiles of FM and excreta were determined by ion exchange chromatography (AOAC International, 1995) . Samples were oxidized with performic acid prior to hydrolysis with 6N HCl. Results from analyses were used to calculate the TA amino acid content of each FM.
The extent of nitrogen degradation after rumen incubation was determined through use of the in situ dacron bag technique (Nocek, 1988) . Approximately 2 g of each sample was added to 8 cm × 13 cm dacron bags with pore sizes of 50 µM. Duplicate bags of each FM (one in each of two heifers equipped with a rumen cannula) were incubated in the rumen for 24, 48, and 72 h. Upon removal, the dacron bags were rinsed until the water became clear. Samples were dried at 105 C and assayed for crude protein with a nitrogen analyzer (AOAC International, 1997).
Statistical Analysis
The study was conducted as a randomized complete block design. Two blocks were designated by two different collections of raw feathers. Each block contained all nine processing treatments. Data for feedstuff composition, in vivo digestibility tests, and the analyses to indi- Means within the same row with a different superscript are different (P < 0.05). cate nutritional value were analyzed with the general linear models procedures of SAS (SAS Institute, 1985) . Treatment means of the constant time series were tested using analysis of variance and linear contrasts. In the constant density series in which treatments changed pressure and time, treatment means were tested using analysis of variance and Fischer's least significant difference test. The treatment of 310 kPa pressure and 36 min was common to both series. Simple linear regression and correlations were determined by using Microsoft Excel, 1997 version. A significant difference or trend was defined as a confidence level greater than, or equal to, 95%.
RESULTS
Fractions of the proximate analysis were not affected by the hydrolysis treatments (P > 0.05). On an as is basis, the average protein was 90.9%, moisture was 6.8%, and ash was 1.4%.
Constant Time Series
By trial and error, we found that to produce a FM with a bulk density of 483 kg/m 3 , a hydrolysis time of 36 min was needed when the steam pressure was 310 kPa (Table 1) . Lower steam pressure, with a hydrolysis time of 36 min, yielded less dense FM, and higher pressure yielded more dense FM. An equation estimating Several analyses showed significant linear effects (P < 0.01) due to hydrolysis pressure (Table 1) . Sulfur content decreased with increasing pressure; increasing pressure increased 0.2% PDP and 0.002% PDP; ADF decreased with increasing pressure; and ADSP increased with increasing pressure.
The amino acid content of the FM is given in Table 3 . Processing pressures affected only the cystine, lanthionine, and cystine equivalent contents. Cystine and cystine equivalents decreased with increasing hydrolysis pressure, and lanthionine increased (P < 0.01). The digestibility of the FM was adversely affected by increasing hydrolysis pressure (Table 4 ). All of the amino acids except arginine and lanthionine decreased as a result of increased hydrolysis pressure. Lanthionine increased with increasing pressure, and arginine was not affected. TME also decreased with increasing hydrolysis pressure. TA Cys equivalent = percentage true available cystine + 0.81% true available methionine + 0.58% true available lanthionine. *Significant linear effect (P < 0.05). **Significant linear effect (P < 0.01).
Hydrolysis pressure affected digestibility of the FM samples by microorganisms in the rumen (Table 5) . At 24, 48, and 72 h of incubation, FM processed at low hydrolysis pressure was less degradable, as indicated by low protein disappearance.
Constant Density Series
The time required to produce FM with a target density of 483 kg/m 3 decreased markedly as steam pressure increased (Table 2 ). An equation to estimate the relationship between time and pressure for a FM of 483 kg/m 3 was: time (min) = 4 × 10 7 pressure (kPa) −2.42 . Efforts to produce FM of identical bulk density were not completely successful, because there were significant differences in bulk density among FM of different treatments. Significantly more water resulted from steam usage when the steam pressure was 207 kPa than at higher steam pressures. Based on either 0.2 or 0.002% PDP, there Means within a row with no common superscript differ significantly (P < 0.05).
1
Soybean meal (SBM) data have been included for comparison.
were no differences in the FM. The residue remaining as ADF was highest from FM prepared with 207 kPa pressure. This value decreased with each increment of steam pressure but increased at 724 kPa of steam pressure. An inverse relationship between ADF and ADSP was recorded. Amino acid concentrations of the FM were similar except for cystine, which increased with increasing steam pressure and decreasing time ( Table 6 ). The digestibility of the FM tended to be better when the FM were hydrolyzed for a short time at higher pressures than when hydrolyzed for a long time at low pressure (Table 7) . Only for threonine and valine were the effects statistically significant (P < 0.05).
Little of the protein was degraded by microorganisms in the rumen (Table 8 ). There were some statistically significant differences (P < 0.05) among treatments, but the lowest value for undegraded protein after 72 h was 84.0%.
DISCUSSION
The combinations of time and pressure used for hydrolysis in the constant time series provided FM with a range of characteristics. Economic value for FM is based on its protein and amino acid content. One important outcome of this research was finding that FM with the highest TA amino acid content results from the most gentle hydrolysis conditions (Table 4) , even though PDP Means within the same row with a different superscript are different (P < 0.05).
1
Results are on an as is basis.
was less than 75%. From the present research it is not possible to conclude if even more gentle hydrolysis conditions would produce a FM of higher nutritional value. An analogy may be useful to explain the effect of hydrolysis on feather structure. When a scaffold is assembled, its volume is large and its density low because of air space. When the scaffold is disassembled, volume decreased and density increases. Pleated sheets (Fraser et al., 1972) in keratin cause feathers to occupy a large volume and have low density. Cystine, with the disulfide crosslinkage, is important for maintaining the bulky structure of feathers.
Hydrolysis disrupts the structure of keratin. The primary effect may be due to chemical reactions with cystine, because cystine content is the amino acid most sensitive to extent of processing (Table 3) . More extensive hydrolysis decreases cystine and increases lanthionine (Davis et al., 1961) . The chemical conversion of cystine to lanthionine is accompanied by the formation of an additional sulfur compound (Friedman, 1977) . During hydrolysis, the additional sulfur compound (probably hydrogen sulfide) becomes volatile and is lost ( Table 1) .
The term TA cystine equivalents summarizes the effect of the three sulfur amino acids into one number. Raw feathers contain a high amount of cystine and a low amount of methionine, with low digestibility of both. More extensive hydrolysis causes the conversion of cystine to lanthionine and also increases digestibility. Lanthionine, in several stereoisomeric forms, can spare cys- Means within the same row with a different superscript are different (P < 0.05).
tine in an animal's diet but, on a weight basis, is not as effective as cystine (Jones et al., 1948; Robbins et al., 1980) . To combine differences in molecular weights, amino acid content, digestibility, and utilization of the sulfur amino acid into one comprehensive term, TA cystine equivalents was used. The TA cystine equivalent decreased with more extensive hydrolysis (Table 4) . Collecting all of the data needed to determine the TA cystine equivalent is expensive and time-consuming. Table 9 shows correlations of TA cystine equivalents and other indicators that are more cost effective. Sulfur content has a high, positive correlation. If determined by combustion, the sulfur content can be determined quickly, but equipment is costly. Density had a high, negative correlation with TA cystine equivalent. In effect, loss of the keratin structure that resulted in increasing density correlated well with loss of cystine. Results from the constant density series (Tables 2, 6, and 7) indicate that bulk density is not perfectly correlated with nutritional indicators, but it has value as a quick and easy method of assessing effects of processing.
In the case of ADF, the procedure appears to measure larger particles of undigestible protein instead of fiber. The ADF ranged from 13.9 to 57.0% (Table 1) . Based on the fractions of the proximate analysis that were com- Means within a row with no common superscript differ significantly (P < 0.05).
pleted, a maximum of approximately 1% fiber could be present in the FM samples. More extensive hydrolysis results in more soluble protein and more extensive cystine loss. The ADF is a less costly procedure than is PDP. Density, 0.2% PDP, and ADSP were negatively correlated with TA cystine equivalents. No significant correlation was found between 0.002% PDP and TA cystine equivalents. Density is easy to measure, and hydrolysis conditions can be adjusted to provide the desired FM density. With the FM in the constant time series, increasing 0.2% PDP correlated with decreasing TA cystine equivalents. If optimum nutritional value is the objective of FM processing, the present requirement of at least 75% pepsin digestible protein (AAFCO, 1994) is too high. Feather meal that was approximately 70% digestible in 0.2% pepsin had the highest TA cystine equivalents. The highest quality FM had the lowest bulk density, which may cause other difficulties in handling the product.
Results from the constant density series suggest the FM of equal bulk densities have similar nutritional values (Tables 2 and 7) , even if made by using different combinations of steam pressure and time. Hydrolysis combinations of short hydrolysis times and high pressure resulted in slightly better TA amino acid values than did the inverse. The PDP at either 0.2 or 0.002% pepsin detected no differences in the FM. TA Cys equivalent = percentage true available cystine + 0.81% true available methionine + 0.58% true available lanthionine; PDP = pepsin digestible protein; ADF = acid detergent fiber; ADSP = acid detergent soluble protein (N × 6.25).
2 NS = P > 0.05.
Processing conditions that produce high TA cystine equivalents also produce high undegraded protein content (Table 5 ). Excessive processing decreases undegraded protein. Feather meals with relatively high TA cystine equivalents had between 82 and 91% undegraded protein. Digestibility of undegraded protein in the cow's small intestine was not determined; however, TA amino acid content determined with a chicken (Table  4) should correlate well with intestinal digestion by a cow.
If extrapolating results from this laboratory research to commercial processing, several factors should be considered. One is the raw material that is processed. In the present study, relatively clean feathers were processed to produce FM with approximately 91% protein and 7% moisture. Commercial FM may have a protein content as low as 79% (Wang and Parsons, 1997) . Protein can be diluted by raw materials that contain various proportions of fat, offal, and bones in addition to feathers. These materials would also affect bulk density and assays of nutritional value.
Processing conditions are also different in the laboratory and in industry. In the laboratory, steam pressure can be raised and lowered quickly. Small volumes of feathers are conducive to raising the temperature of raw material quickly and uniformly. Another variable is drying. The present research used low temperature drying in order to not confound results of hydrolysis. High temperature drying to low moisture content may affect the criteria measured.
